ABSTRACT A low-temperature co-fired ceramic (LTCC) coupled resonator decoupling network (CRDN) with asymmetric input/output (I/O) couplings for suppressing interference between two adjacent frequency bands is proposed in this paper. Based on LTCC multilayer technology, a second-order CRDN module is realized by strongly coupled semi-lumped LC resonators in a very small volume of 3.2 mm × 2.5 mm × 1.2 mm. A wide range of mutual admittance and different self-admittances of the CRDN can be realized by adjusting the asymmetric I/O couplings. Thus, a satisfactory decoupling performance covering two contiguous bands, as well as good matching in each band, can be realized without additional matching networks. To prove the concept, two planar inverted-F antennas working in TD-LTE and Wi-Fi frequency bands, along with the corresponding decoupling network, are designed, fabricated, and tested. The measured results have demonstrated that more than 15-dB isolation improvement can be achieved within the two operating bands, showing the feasibility of this "one-fit-all" integrated solution. More importantly, the design methodology and circuit topology presented in this paper are general and can be applied to practical multi-input multi-output system applications.
antennas and suppressing the interference of coexisted systems have become top technological challenge in electronic and communication system design [2] [3] [4] [5] , as the size of wireless device continuously decreases and the number of services increases. In [6] and [7] , two bandpass and bandstop filters, whose design methodology and implementation are very mature, are used for interference suppression. However, for collocated systems with same or contiguous frequency bands, as shown in Figure 1 , it is almost impossible to realize high isolation between them by traditional filter topology, since the limitation of selectivity cannot be easily transcended.
Some solutions for reducing mutual coupling of multiinput multi-output (MIMO) systems have been reported in recent years. Orthogonal radiation modes of highly coupled arrays are utilized as independent information channels to avoid mutual coupling and interference [8] . This mode-based array is very compact without suffering undesired effects such as impedance mismatch or pattern distortion. A simple reactive element decoupling network is proposed in [9] . Good isolation is realized while the decoupling bandwidth is relative narrow, due to the fact that the unwanted mutual coupling is canceled only at a single frequency theoretically. Moreover, since the zero of a shunt reactive element locates either at ω = 0 or ω = ∞, which is far away from the resonant frequency of the antennas, it is required two additional matching networks for impedance matching. In [10] [11] [12] , a new technique named Coupled Resonator Decoupling Network (CRDN) is proposed for decoupling two and three strongly coupled antennas. The basic principle is to design a second order coupled resonator network whose mutual admittance is opposite to that of the coupled antennas. Thus the unwanted mutual coupling of the antennas can be canceled in a relatively wide frequency band by connecting the CRDN to coupled array in shunt. Besides, some other techniques like electromagnetic band gap (EBG) [13] [14] [15] , defected ground structure (DGS) [16] , [17] , neutralization line (NL) [18] and parasitic scatter [19] are also effective solutions to realize good isolation between coexisted antennas. However, none of them works for two antennas operating in two adjacent frequency bands.
In order to achieve good interference suppression between two strongly coupled antennas in complex electromagnetic environment of portable mobile terminals, a small footprint surface mountable device which is independent to the form factors of the antennas would be highly desirable. In this paper, an integrated CRDN for two coupled antennas of arbitrary form factors is proposed. The CRDN is composed of two parts: (a) a multilayered low temperature co-fired ceramic (LTCC) module that consists of two tightly coupled semi-lumped resonators; (b) two adjustable asymmetric I/O couplings, which allows the LTCC module to be adopted for different antenna form factors. Therefore, different from other existing diplexer or decoupling solutions, good decoupling and matching can be simultaneously achieved over two adjacent or contiguous frequency bands by the proposed compact decoupling network without additional matching circuit, which is very suitable for interference suppression of collocated systems in modern mobile terminals. Furthermore, the frequency bands outside the decoupled bands will not be affected by the device due to the transmission zero of filterlike feature of the LTCC device. 
II. THEORY AND DESIGN

A. DERIVATION OF DECOUPLING AND MATCHING CONDITIONS
To ease the illustration, two coupled antennas are represented by a 2×2 admittance matrix with complex entries. The CRDN consisting of one consolidated LTCC module and two adjustable I/O couplings is connected in shunt to the coupled antennas, as shown in Figure 2 . Therefore, the admittance of the connected network is the sum of the two individual admittance matrices:
where Y A and Y N represent the admittance matrix of the coupled antennas working at adjacent/contiguous frequency bands and the related decoupling network, respectively. Apparently, good isolation between the two ports of the entire network could be achieved within a given frequency range if:
where ω r is the radian frequency variable.
It should be noted that if the sum of Y A 21 and Y N 21 could approach zero over two adjacent bands, high interference suppression between the two systems could be achieved. Since the designed CRDN is assumed to be lossless, the entries of the admittance matrix Y N are all purely imaginary, while the entries of Y A are complex in general. Thus the decoupling condition can be simplified as:
where ω 1 and ω 2 are the central points of the two adjacent frequency bands, respectively. Assuming that the coupled antennas separately resonant at ω 1 and ω 2 , and both of them are also well matched at ω 0 , then equation (3a) can be realized by introducing a piece of transmission line of electrical length θ L and characteristic impedance Z 0 at each antenna port. Supposing the coupling coefficient of the original antenna array is expressed as |S 21 | e jφ 21 in general, θ L can be calculated by [7] :
Similarly, when the decoupling condition is satisfied, which means S 21 ≈ 0 over the two adjacent bands, the matching condition can be expressed as:
Since the antennas are assumed to be matched at ω 1 and ω 2 , respectively, equation (5b) can be simplified to: 
B. THE NETWORK REPRESENTATION
The schematic circuit of the decoupling network is depicted in Figure 3 , where a second-order coupled resonator filter topology is adopted. Besides, the inter-resonator coupling and the I/O couplings are represented by admittance inverters, which are defined in the low pass domain with reference to unit termination [20] . For simplicity, it is assumed that 
Having had the [ABCD] matrix of the LTCC module leftand right-cascaded with those of the input and the output coupling circuits, one can find the overall [ABCD] matrix of the decoupling network, from which the Y parameters of the decoupling network can be found as:
where A, B and D are given by the equations below:
The decoupling and matching conditions can be specified by substituting equation (8) into equations (3) and (6) for obtaining proper values of
Specifically, parameters C 1 , L 1 and L 2 determine the working frequency of the decoupling network; the inter-resonator coupling is controlled by J 12 ; while θ 1 , θ 2 , J S1 and J 2L are crucial and are to be adjusted for different input/output couplings.
C. SELF-ADMITTANCE AND MUTUAL-ADMITTANCE ANALYSIS
From equations (8) and (9) in Figure 4 GHz, which means the proposed topology can also be used for symmetric antenna pair. It should be mentioned that in all the four cases, mutual admittances of the decoupling network remain almost unchanged. Namely, good isolation could be achieved for coupled antennas which resonant at different combinations of ω 1 and ω 2 according to equations (3) and (6). More importantly, since the zeroes of the self-admittances of CRDN could be adjusted by various I/O couplings, good matching can be realized without any additional matching network.
Furthermore, different mutual admittances of the presented CRDN can also be obtained by tuning I/O couplings with a fixed LTCC module, as shown in Figure 4(b) . In all the cases, L 1 = 0.5 nH, L 2 = 0.3 nH, C 1 = 4.9 pF, θ 1 = θ 2 = 7 • and J 12 = ±3 are fixed, while J S1 and J 2L change from 1.0 to 1.5 and 1.3 to 1.8, respectively. It can be seen that when J 12 = 3, different levels of Im{Y N 21 } (from 0.009 to 0.018) can be achieved by tuning J S1 and J 2L for various types of commonly used antenna pairs whose Im{Y A 21 } range is from -0.009 to -0.018. Besides, coupled antennas with positive Im{Y A 21 } can also be decoupled by this network topology whose corresponding negative Im{Y N 21 } is realized by changing the capacitive inner coupling to inductive one, i.e., J 12 = −3 in this case, as shown in Figure 4(b) . This feature further justifies that the proposed decoupling network can provide a ''one-fit-all'' solution for a wide range of coupled antenna types with various couplings and resonant frequencies.
III. SIMULATED AND MEASURED RESULTS
To illustrate the proposed theory and topology, two examples concerning different antenna coupling mechanisms are presented; one for coupled planar inverted-F antenna (PIFA) array while the other one for practical collocated Flexible Printed Circuit (FPC) antennas in mobile phones. In both cases, an LTCC device with relative dielectric constant of 9.2 and loss tangent of 0.002 at the frequency of interest is utilized. It consists of two semi-lumped element resonators and one coupling capacitor. With an 8-layer vertical structure, the LTCC device has a compact volume of 3.2×2.5×1.2 mm 3 . Full-wave EM simulation is performed using Agilent EMPro [21] .
A. AN LTCC CRDN FOR A PIFA ARRAY
Two PIFAs working at 2.35 GHz (TDD LTE band 40) and 2.45 GHz (ISM band) respectively and the corresponding LTCC decoupling network are given in this section. The configuration of the entire network and detailed structure of the LTCC device are illustrated in Figure 5 . It can be seen that the two PIFAs and the LTCC CRDN, which are connected by two posts, are mounted on each side of a 60 mm × 60 mm FR4 substrate. As shown in Figure 5 frequency band respectively according to equation (6), thus no extra matching network is required after decoupling. The corresponding physical parameters of the decoupling network are: W d = 3 mm, S a = 25.5 mm, S n1 = 15 mm, S n2 = 8 mm, C n1 = 3.9 pF and C n2 = 2.7 pF; while the lumpedelement values of the LTCC device are chosen as: L 1 = 1.9 nH, L 2 = 0.5 nH, C 1 = 1.2 pF and C 2 = 4.5 pF. Figure 7(a)-(b) shows the simulated and measured responses of the entire decoupled network. Obviously, an improvement of at least 13 dB in isolation has been achieved after decoupling within the two contiguous frequency bands. Accordingly, the 6 dB matching bandwidths of the two PIFAs decrease from 180 MHz to 135 MHz that the matching bandwidth for a lossier antenna is wider [22] . However, despite a slightly narrower matching bandwidth, the radiation efficiencies of the decoupled antennas are greater than those of coupled ones. Figure 7 (c) presents the measured efficiencies of the two PIFAs before and after decoupling to further illustrate the merits of the proposed LTCC CRDN. It is seen that an obvious improvement in efficiency can be achieved when the proposed LTCC CRDN is utilized, which could be very valuable for practical applications of mobile devices.
B. AN LTCC CRDN FOR COLLOCATED MOBILE PHONE ANTENNAS
In order to further demonstrate the effectiveness of the proposed LTCC CRDN for coexisted systems, a mobile phone with two collocated antennas working at 1.9 GHz ∼ 2.5 GHz and 2.4 GHz ∼ 2.48 GHz respectively as well as the related LTCC CRDN will be discussed in this section. As shown in Figure. 8, the related decoupling network consists of one LTCC device, two ''π '' networks and four pieces of transmission lines. Similarly, a piece of transmission line of θ L is inserted at each port of the antenna to realize Re{Y A 21 }= 0, while the ''π '' networks are utilized not only to enhance the matching performance, but to fine tune the electrical lengths of θ L due to the fact that frequency deviation might occur when the battery and back cover of the mobile phone are considered in practical circumstance. Here, the LTCC device is the same as the abovementioned example since the two coupled antennas resonate at the specified frequency bands as that of Figure 5 (a), which further verifies its ''one-fitall'' feature. Besides, the transmission lines of θ 1 and θ 2 are utilized for adjusting the value of Im{Y N 21 } and the zeroes of Im{Y N 11 } and Im{Y N 22 }. In this practical case, the overlapped frequency band (2.4 GHz ∼ 2.48 GHz) of the antennas, where the greatest coupling occurs, has to be decoupled. The parameters of the decoupling network are chosen as follows: decoupled network are shown in Figure 9 . It is seen that for the commonly accepted 6 dB return loss requirement for practical mobile terminals, the matching bandwidths of the two collocated antennas almost remain unchanged after decoupling, while an 8 dB improvement of isolation has been achieved within the band of interest.
Besides, a transmission zero can be created in lower frequency band due to the filter-like feature of the CRDN device. As shown in Figure 9 (c), the transmission coefficient S 21 of the LTCC CRDN is below -20 dB from 0.5 GHz to 1.2 GHz, meanwhile S 11 and S 22 are approximately equal to 0 dB within the band. That is to say, the frequency bands outside the bands of interest, such as LTE 700, GSM 850/WCDMA 850 and GSM 900 will not be affected by the device. Obviously, it will be another attractive feature for practical applications of mobile devices. The photos of the illustrated antenna arrays along with some samples of the LTCC CRDN device are shown in Figure 10 . 
IV. CONCLUSION
An integrated LTCC coupled resonator decoupling network for interference suppression of coexisted antennas was proposed in this paper. With a consolidated LTCC device for a given frequency band and two adjustable I/O couplings, the proposed decoupling scheme can be applied to various antenna arrays without additional matching network. Taking the advantage of the LTCC multilayer technology, the integrated CRDN device can be made in a compact volume. Moreover, it can be designed using existing filter design theory and realization techniques due to the filter-like topology. The design theory of the proposed device and the design guidelines are also given in this paper. To demonstrate the proposed decoupling scheme, two examples of different types of antennas, including PIFAs and practical FPC antennas of a mobile phone, are given. All the coupled antenna arrays in this paper are decoupled using the same LTCC CRDN device but with different external I/O components. The simulated and measured results verify that good decoupling and matching conditions can be achieved within the band of interest. It can be foreseen that the proposed integrated CRDN device has a great potential for future wireless mobile terminals that are equipped with collocated antennas working at adjacent or contiguous frequency bands.
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